A data set from 32 studies (122 diets) was used to evaluate the accuracy and precision of the omasal sampling technique by investigating the relationships between ruminal and total digestion of neutral detergent fiber (NDF), between intake and apparent and true ruminal digestion of organic matter (OM), and between omasal NAN flow and milk protein yield. A mixed model regression analysis with random study effect was used to evaluate the relationships. The data were obtained when feeding North American diets (n = 36) based on alfalfa silage, corn silage, and corn grain and North European diets (n = 86) comprising grass silage supplemented with barley-based concentrates. In all studies, digesta flow was quantified using a triple-marker approach. Standard deviations of ruminal NDF and true OM digestibility were smaller than typically reported in duodenal sampling studies using only chromic oxide as a flow marker. The relationship between total and ruminal NDF digestion was consistent, indicating little variation in the proportion of total-tract NDF digestion that occurred in the rumen. Furthermore, the slope of this regression indicated that 94.7% (±2.7%) of total NDF digestion occurred in the rumen. The slopes of mixed model regression equations between OM intake and amount digested indicated that 42% (±2.4%) and 74% (±3.1%) of OM was apparently and truly digested in the rumen, respectively. The contribution of the rumen to total-tract apparent OM digestion was 62% (±2.6%). The close relationship between omasal flow of nonammonia crude protein and milk protein yield (with adjusted residual mean squared error = 31 g) provided further confidence in the reliability of omasal flow measurements.
INTRODUCTION
Current feed protein evaluation systems for ruminants (e.g., NRC, 2001 ) are dependent upon measurements of microbial protein formation in the rumen. Traditionally, measurement of compartmental nutrient flows within the digestive tract and microbial protein synthesis in the rumen have relied on sampling through simple T-cannulas fitted in the abomasum or proximal duodenum (Harmon and Richards, 1997; Titgemeyer, 1997) . Obtaining unrepresentative samples that may be contaminated with endogenous secretions into the abomasum are among the problems associated with this approach (Harmon and Richards, 1997; . In addition, duodenally cannulated animals require special care and may have shortened life spans. Attempts have been made using various types of omasal cannulas (Harmon and Richards, 1997; , but many of these methods require surgery that is even more invasive than that needed for duodenal sampling and therefore have not been widely adopted.
Flow estimates from duodenal sampling have been variable (Titgemeyer, 1997) and, therefore, researchers have sought other approaches for quantifying digestive processes in the rumen. Hristov and Broderick (1996) proposed a ruminal sampling method based on rumen evacuation and digesta passage kinetics, and later Hristov (2007) introduced a reticular sampling technique. Punia et al. (1988) sampled omasal digesta by inserting a tube through the reticulo-omasal orifice via the ruminal cannula and withdrawing digesta using a vacuum pump. However, this procedure required insertion of the sampling tube at each sampling time. developed an omasal sampling technique allowing digesta sampling from the omasal canal via a ruminal cannula without repeated entry into the omasum. The sampling system consisted of a device inserted into the omasum via the ruminal cannula, a tube connecting the device to the ruminal cannula, and a single compressor/vacuum pump for withdrawing samples through this tube. This technique was further modified by and has subsequently been applied in several studies. Omasal sampling conducted in this way requires less surgical intervention than using abomasal or duodenal cannulas as the sampling sites for studying reticulo-rumen digestion; moreover, it avoids potentially confounding contamination from abomasal secretions. In a direct comparison of methods, OM flow into the duodenum was significantly greater than that into the omasum, indicating quantitatively important endogenous secretions into the abomasum . In contrast, NDF flow into the duodenum was lower, indicating that additional cell wall digestion occurred between the omasum and duodenum. Results from another study with corn-based diets were less conclusive (Ipharraguerre et al., 2007) . However, these latter estimates of ruminal OM and starch digestibility obtained using duodenal sampling were unrealistically low and even negative using some markers.
Validity of omasal sampling data can also be evaluated by determining whether data fall within biological limits (Titgemeyer, 1997) . Partitioning NDF digestion between ruminal and postruminal compartments is a good criterion because retention time in postruminal fermentation compartments is relatively short compared with that in the rumen (Ellis et al., 2002; and NDF entering the hindgut is less digestible than ingested NDF. Unrealistically high or even negative proportions of hind-gut digestion of total NDF digestion imply unrepresentative digesta sampling or marker dysfunction, as will be discussed later. Partitioning of OM digestion can also be used to assess the accuracy of flow measurements, but the contributions of postruminal segments are more important for digestion of nonfiber components such as starch, fat, and protein escaping the rumen. Milk protein secretion in dairy cows is closely associated with the supply of metabolizable protein (NRC, 2001) ; thus, variation in milk protein yield among the treatments should be sensitive to differences in omasal NAN flow. For flow studies comparing diets within a study, precision (residual standard deviation) is more important than accuracy in comparing different treatments; however, accuracy in describing the effects of diets and feedstuffs on nutrient flows is most important for feed evaluation systems (St-Pierre, 2001 ).
The objective of this paper is to evaluate the omasal sampling technique for quantifying reticulo-rumen digestion by partitioning of NDF and OM digestion between gastrointestinal compartments and by assessing the relationship between NAN flows at the omasum and milk protein yield. In a companion paper (Broderick et al., 2010) , a meta-analysis of omasal sampling data on ruminal N metabolism is presented.
MATERIALS AND METHODS

Data
Observations were collected from 32 studies in which nutrient flow at the omasum was determined for 122 dietary treatments. Twenty-two of these studies were conducted in Northern Europe: 3 trials (10 diets) were conducted by 1 research group with growing cattle and 19 trials (76 diets) were conducted with lactating dairy cows by 2 other research groups. Ten studies (36 diets) were conducted in North America by 2 additional research groups using only lactating dairy cows. Individual studies used to compile this dataset are listed in the Appendix. All of these studies were conducted as single or duplicated Latin squares. The mean number of observations per treatment was 5.3 (range 4-10). Three studies (10 diets) were conducted with growing cattle and the rest with lactating dairy cows. In all studies, digesta flow to the omasum was determined using a triple-marker approach (France and Siddons, 1986) . The digesta markers were the internal marker indigestible NDF (iNDF; n = 100) or Crmordanted fiber (n = 22) for the large particle phase, Yb-chloride or Yb-acetate for the small particle phase, and CoEDTA as the liquid phase marker. When used, Cr-mordanted fiber was administered twice daily into the rumen, whereas Yb-chloride/acetate and CoEDTA were continuously infused into the rumen in all trials. Chromium-mordanted fiber and CoEDTA were prepared as described by Udén et al. (1980) . Indigestible NDF was determined as the residual NDF remaining after 12-d in situ incubation in the rumen using nylon bags of small pore size (Huhtanen et al., 1994) and expressed on an ash-free basis. Details of marker administrations are described in and . The animals were fed once daily or twice daily at 12-h intervals (50% of daily ration at each meal). From 8 to 12 spot samples of omasal digesta were collected over 3-or 4-d collection periods so that the sampling times were equally distributed over the 12-or 24-h feeding cycle. Microbial protein synthesis was determined for 96 diets (25 studies) using either purine bases (n = 22) or 15 N (n = 74) as microbial markers. In the North American studies, the values of OM truly digested in the rumen (OMTDR) were not corrected for VFA (the end products of digestion) flow to the omasum. Thus, these OMTDR values are underestimates of true OM digestion in the rumen because VFA are not lost during drying at omasal digesta pH (mean 6.5) but evaporate at duodenal digesta pH . Therefore, reported OMTDR values were corrected for VFA flow using the relationship between DMI and VFA flow derived from other studies in the Total-tract digestibility was determined by total fecal collection (n = 88) or by using internal markers (acid-insoluble ash, indigestible ADF; n = 34). Rumen fermentation pattern (pH and VFA) was measured in all studies based on sampling covering the whole feeding cycle (12 or 24 h).
Diets
The diets were typical of those fed to North American (n = 36) or North European (n = 86) dairy and beef cattle. The former were mainly based on corn silage, alfalfa silage, corn grain, and soybean meal, and the latter mainly on grass silage, barley, oats, rapeseed, and soybean meal. The animals were fed TMR in 11 studies (46 diets), whereas forages and concentrates were fed separately in 21 studies (76 diets). All diets were analyzed for OM, CP, and NDF concentrations. Fat (determined as ether extract) and starch concentrations of the concentrates were either measured or computed from tabulated values for each separate ingredient (NRC, 2001; MTT, 2006) . Nonfiber carbohydrate concentration was calculated as OM -CP -(NDF -ND-FCP) -fat. In Northern European studies, NDF was analyzed using amylase and expressed as ash-free, but not corrected for NDFCP. Specific details of chemical analyses are described in the original publications (see Appendix).
Calculations
Apparent and true digestion of OM in the rumen was calculated as follows:
OM apparently digested = OM intake -omasal OM flow; OM truly digested = OM intake -(omasal OM flow -omasal microbial OM flow -omasal VFA flow), where OM digested, intake, and flow are in kilograms per day.
Intake of digestible OM at maintenance level of intake was calculated as described by Nousiainen et al. (2009) . Briefly, OM digestibility at maintenance intake (OMD M ) for concentrates was estimated using analyzed chemical composition and tabulated digestibility coefficients (MTT, 2006) . For forages, OMD M was determined in vivo in sheep fed at maintenance or in vitro using rumen fluid or a pepsin-cellulase method, or was calculated from iNDF concentration as described by using forage-specific equations . Within a study, the same method was used consistently to estimate forage digestibility.
Statistical Analysis
Regression analyses were performed using PROC MIXED in SAS (SAS Institute, 1999) with the discrete effect of study included as a random variable (St-Pierre, 2001) . The model was Y = B 0 + B 1 X1 ij + b 0 + b 1 X1 ij + B 2 X2 ij + … + B n Xn ij + e ij , where B 0 , B 1 X1 ij , B 2 X2 ij … B n Xn ij are the fixed effects and b 0 , b 1 , and e ij are the random experiment effects (intercept and slope), where i = 1…n studies and j = 1…n values. The objective of modeling OM and NDF flow data was to estimate digestibility in the rumen or intestines by regressing omasal flows or rumen digestion against intake. The models were first constructed based on a single parameter and then other biologically relevant variables were included. Any additional parameter was assumed to be a fixed factor. The best-fit model was chosen based on the lowest RMSE. Adjusted observations were calculated for the figures by adding the residual from each individual observation to the predicted value of the study regression. For the limited data of starch flow at the omasum (16 diets, 4 studies), ruminal digestibility was estimated using the Lucas principle (see Van Soest, 1994) by regressing digestible starch concentration against starch concentration in diet DM. In the tables, RMSE values are adjusted for the random study effect. Rationale and further details of using mixed model analysis to integrate quantitative findings from multiple studies are described by St-Pierre (2001) .
RESULTS
Data
Dietary characteristics, omasal flow, digestibility, and animal data are shown in Table 1 . Both diet composition and animal data displayed large variations. Results from the studies with beef cattle (n = 10) extended the range in intake data. In addition to the use of different breeds (US Holsteins and Finnish Ayrshire), variation in diet composition (forage alone vs. high-concentrate and high-CP mixed diets) contributed to the wide range in intake and milk production.
OM and Starch Digestion
The models describing OM digestion are in Table 2 . These data were analyzed using both mixed and fixed model regressions (simple regression without study effect) to evaluate uniformity of flow estimates between the trials. It should be noted that the R 2 value for the mixed model includes study effect and is therefore not a useful indicator of explained variation. The fit of the OM intake model (mixed) was improved when OMD M was included as an independent variable in the equation, reflecting the positive effect of intrinsic diet digestibility on the amount of OM digested at a given DMI:
(Adj. RMSE = 0.27).
[1]
Dietary concentrations of carbohydrate fractions (NDF, starch, and NFC) or CP had no significant effect on OMTDR when included as a third parameter to model [1] . However, OMTDR was positively associated with dietary RDP concentration (P = 0.07) and ruminal protein degradability (P = 0.01) and negatively associated with dietary concentration of RUP (P = 0.04) and fat (P = 0.11), when these dietary characteristics were estimated according to the NRC (2001) model.
The slope between OM intake and OM apparently digested in the rumen (OMADR) indicated that 41 to 42% of ingested OM was apparently digested in the rumen, and the contribution of OMADR to totaltract OM digestion was, on average, 62%. Median SD values of apparent and true OM digestibility in the rumen were 3.4 (n = 122) and 2.8% (n = 86), respectively.
Quantities of OM truly digested in the rumen and apparently digested in the total tract were similar (13.0 and 12.9 kg/d; n = 92). Approximately 50% of OM flowing into the omasum was apparently digested in the intestines. The parameter values were similar when the data were analyzed with mixed or fixed regression models, but adjusted RMSE was smaller with mixed model analyses than RMSE with fixed model analyses.
According to the Lucas test, starch behaved as a uniform nutritional entity (Figure 1 ). The slope of the regression representing true ruminal starch digestibility was 0.85 (SE = 0.03). Intercept (10.7; SE = 6.0) is an estimate of microbial starch flow in grams per kilogram of DMI. Using mixed model analysis, the regression parameters remained similar (0.85, 10.4) but RMSE adjusted for random study effect decreased from 9.0 to 5.6 g/kg of DMI.
NDF Digestion
The regression between ruminal (rdNDF) and totaltract NDF digestion (dNDF) implied that 95% of the total NDF digestion occurred in the rumen (Figure 2 The parameters were similar for the fixed and mixed models. The small RMSE of the fixed regression model suggests that experimental methodologies were consistent, resulting in relatively small between-laboratory variations. The slope of model [2] decreased to 0.94 by forcing the intercept through zero. When the data from studies applying total fecal collection (n = 83) were analyzed separately, RMSE values were reduced to 0.125 and 0.228 for the mixed and fixed models, respectively. The estimated difference between the large particle markers (iNDF vs. Cr-mordanted fiber) in rdNDF was small (−0.04 kg/d) and nonsignificant (P = 0.69).
Ruminal NDF digestibility (NDFD) was closely related to total-tract NDF digestibility (Figure 3 ). The slope suggested that ruminal digestion accounted for 97.6% of total NDF digestion. The corresponding relationship estimated using a fixed regression model was rNDFD = −0.044 (±0.020) + 1.005 (±0.032) NDFD; (RMSE = 0.042; R 2 = 0.891).
[3] All estimates statistically significant, P < 0.001.
4
Residual mean square error; values with mixed model analysis are adjusted for random study effect. The intercept of the equation was significantly different from zero (P = 0.03). Because of this negative intercept, the slope decreased to 0.933 when the regression line was forced through zero.
The contribution of rumen to total NDF digestion increased as total NDF digestibility and dietary NDF concentration increased (Table 3) . It was not influenced (P > 0.10) by DMI, proportion of concentrate in the diet or concentrate fat concentration.
Relationship Between Omasal Nonammonia CP Flow and Milk Protein Yield
Milk protein yield increased quadratically as a function of omasal flow of nonammonia CP when analyzed with a mixed model (Figure 4 ), but the quadratic effect was nonsignificant using a simple regression model. When the data were adjusted for the random study effect, the RMSE value decreased markedly, indicating substantial between-study differences among studies in nutrient flows, milk protein yield, or both. However, the results from studies conducted in Northern Europe and North America fit on common regression lines.
DISCUSSION
OM Digestion
Some differences in omasal and duodenal flows might be expected due to VFA absorption and NDF digestion in the omasum and endogenous secretions into the abomasum. Direct comparisons between omasal and abomasal (Punia et al., 1988) and omasal and duodenal sampling indicated a close relationship in flow estimates between the sampling sites. The correlation coefficients based on treatment mean data and individual cow data were 0.97 and 0.93 in the studies of Punia et al. (1988) and , respectively. In the present study, variation observed in apparent and true ruminal OM digestibility were acceptable, with the median SD values being smaller (3.8 and 2.8 percentage units) than the corresponding 25th percentile age units) in duodenal sampling studies (Titgemeyer, 1997) .
Results were less conclusive in the study of Ipharraguerre et al. (2007) as indicated by the low correlation coefficient (0.33) between omasal and duodenal OM flow. Standard errors were similar between the sampling sites in the 2 other studies (Punia et al., 1988; , but were markedly greater for duodenal measurements in the study of Ipharraguerre et al. (2007) . Large differences in duodenal OM flows calculated using Cr, Yb, or Co as markers strongly suggested that duodenal samples were not representative of true digesta flowing into the duodenum in this study. Duodenal flows of OM and starch were markedly higher when computed using Yb and Co as markers, resulting in negative, biologically unrealistic estimates of ruminal digestion.
Unrepresentative duodenal sampling occurs because of a tendency for digesta to separate during collection such that digesta can be considered to be 2 distinct phases (Faichney, 1975) . It was suggested that unrepresentative samples could be reconstituted physically or mathematically to represent true digesta using markers that exhibit differential affinities for individual digesta phases, assuming that the assumption of 2 homogeneous phases holds true. The triple-marker method of France and Siddons (1986) that was used in all of the present studies is an extension of Faichney's (1975) double-marker technique to correct for unrepresentative digesta sampling.
As with duodenal sampling, the major shortcoming of the omasal sampling technique arises from the collection of samples that are not representative of true digesta entering the omasal canal Ahvenjärvi et al., , 2003 . Calculation of reconstitution factors using the triple-marker system indicated that omasal digesta samples comprised at least 3 distinct phases that tended to separate during sampling . Flow estimates based on single markers varied markedly as indicated by low correlation coefficients, as was also reported for duodenal sampling (Ipharraguerre et al., 2007) . These data strongly support the conclusions of Faichney (1980 Faichney ( , 1993 that when the samples are taken from a simple cannula, single marker methods result in flow estimates that can be grossly in error. If there are no errors in marker analysis, flow estimates should be the same irrespective of the marker used if the sample is representative of true digesta. Ipharraguerre et al. (2007) speculated that when particles had different functional specific gravities or when sieving could result due to the presence of large particulate matter (e.g., long fiber particles), aspiration of sample through the sampling tube could result in collection of incorrect mixtures of digesta fractions. However, comparisons of particle size distributions in omasal versus duodenal or fecal samples Ahvenjärvi et al., 2001) do not indicate discrimination of any particle size fraction during aspiration of the digesta sample from omasal canal. Furthermore, dividing the particle phase into small-and large-particle fractions in the triple-marker system should reduce, but not completely eliminate, errors when particulate matter is unrepresentative of total solids.
High correlation coefficients between omasal and abomasal/duodenal flow estimates in studies using double- (Punia et al., 1988) or triple-marker methods and a weak correlation when omasal flow was estimated using the triple-marker method and duodenal flow using Cr 2 O 3 as a single marker (Ipharraguerre et al., 2007) suggest that the higher precision of flow estimates based on omasal compared with duodenal sampling is more likely the result of the marker methods applied in the study rather than sampling site.
In the present data, either Cr-mordanted fiber or iNDF was used as the large particle marker. The flow estimates based on the triple-marker approach using either large-particle marker resulted in quantitatively similar flow estimates that were also highly (r = 0.99) correlated . Both of these markers are primarily associated with large particulate matter . Indigestible NDF is an internal marker intimately associated with dietary fiber, and its fecal recovery has met the criterion of an ideal marker (Huhtanen et al., 1994; Ahvenjärvi et al., 2001) . Rumen residence time of Cr-mordanted fiber was similar to that of iNDF, as estimated by the rumen evacuation method (Huhtanen and Kukkonen, 1995) and to 15 N-labeled forage ADIN (Ahvenjärvi et al., 2004) , indicating that the flow characteristics of Cr-mordants are similar to that of dietary fiber. In contrast, chromic oxide is not associated with any digesta phase (Merchen, 1988) , probably because of its high specific gravity, which can lead to erroneous flow estimates with unrepresentative digesta sampling. Apparent (41%) and true (72%) ruminal digestibility, estimated with regressions between the amounts of OM digested and OM intake, were higher than the corresponding values based on duodenal sampling (24 and 37%; Clark et al., 1992) . The lower values in the data of Clark et al. (1992) are partly due to positive intercepts (i.e., positive, and biologically impossible, digestion at zero OM intake). Fixed model R 2 values of regressions of ruminal OM digestibility on OM intake were markedly higher in our data set (0.85 vs. 0.53 for apparent and 0.96 vs. 0.56 for true OM digestion) compared with the results of Clark et al. (1992) . In addition to random experimental error, unexplained variation can arise from true variation in ruminal and total-tract digestibility. However, it is not likely that the lower variability in our data can be attributed to more uniform digestibility, because our data included results obtained over a wide range of diets from both typical North American (corn silage + corn grain) and Northern European (grass silage + barley grain) trials.
Variable estimates of starch digestibility resulting from unrepresentative proportions of undigested grain particles in duodenal digesta (Titgemeyer, 1997) may explain the greater variability in estimates of ruminal OM digestibility that results with duodenal data (Clark et al., 1992) . When a disproportionate number of grain particles are collected, sample starch content will be enriched and ruminal starch digestion will be underestimated (Titgemeyer, 1997) . In the present study, ruminal starch digestion did not display large random variation (Figure 3) , which may be partly because barley and oats were the main starch sources in the diet in these studies. True ruminal starch digestibility with barley-based diets (85%) compares well with the mean of 87% (12 diets) reported in the review of Nocek and Tamminga (1991) and does not indicate discrimination of grain particles during the aspiration of omasal samples. However, more studies are needed to evaluate the omasal sampling technique for estimating ruminal starch digestibility with corn-based diets. Starch concentration in duodenal digesta samples (Ipharraguerre et al., 2007) and ruminal starch digestibility (Voelker and Allen, 2003) exhibit large variation in studies using a simple T-piece cannula and Cr 2 O 3 as flow marker, even when the diets contained the same starch sources. Using the double-marker method may not solve the problems related to unrepresentative digesta sampling because most particulate markers are not intimately associated with particles rich in starch (Huhtanen and Sveinbjörnsson, 2006) . However, despite the problems in determination of starch flow, the double-or triplemarker techniques are likely to improve the accuracy of the flow measurements of other dietary components even with diets containing large grain particles.
NDF Digestion
Because most of the cell wall digestion in cattle takes place in the rumen (Van Soest, 1994; , comparisons between omasal and fecal NDF flows or ruminal and total NDF digestibility can be used as an indirect measure of both of the accuracy and precision of flow measurements and marker function.
Relatively small residuals from regressions of ruminal NDF digestion/digestibility on total NDF digestion/ digestibility, and of ruminal OM digestion on OM intake, may be interpreted as indicating that there were only small random errors in digesta flow measurements. Compared with 10 duodenal flow studies in dairy cows that were published in the Journal of Dairy Science (Christensen et al., 1996; Oba and Allen, 2000; Callison et al., 2001; Ipharraguerre et al., 2002; Harvatine et al., 2002; Oba and Allen, 2003; Voelker and Allen, 2003; Ipharraguerre and Clark, 2005; Taylor and Allen, 2005; Harvatine and Allen, 2006) , the residual standard deviation of ruminal NDF digestibility was lower in our data set (4.3 vs. 8.9%). Smaller variability in our data is likely related to the use of the triple-marker technique (France and Siddons, 1986) in estimating digesta flow compared with using Cr 2 O 3 as a single marker in duodenal sampling studies. High (0.93-0.96) correlation coefficients between omasal and duodenal NDF and ADF flow estimates also suggest that the precision of flow estimates could be more closely related to marker methods rather than to sampling site, provided that multiple marker techniques are used. Lower (0.36-0.85) correlation coefficients between omasal NDF flow estimates based on different single markers support this suggestion .
A more heterogeneous distribution of Cr-mordanted particles in omasal and fecal particles than iNDF could, in the case of unrepresentative sampling, result in erroneous flow estimates (Ahvenjärvi et al., 2001) . However, in the present study, the choice of large-particle marker did not influence ruminal NDF digestibility estimates, which agrees with previous results from a direct comparison of triple-marker systems using Crmordanted fiber or iNDF as a large particle marker . However, Cr-mordanted fiber cannot be recommended as a large-particle marker in studies investigating ruminal lipid metabolism, because CoEDTA must be replaced with CrEDTA in the triplemarker system to avoid the effects of cobalt on milk fatty acid composition .
In the present data set, NDF digestion occurred largely in the rumen and the contribution of the hindgut to total-tract NDF digestion was low. Our values, based either on proportion of rumen digestion of total NDF digestion or on regression approaches, are consistent with the duodenal data reported by Tamminga (1993) and fall within expected ranges suggested by Titgemeyer (1997) . In contrast, the data (26 dairy cow diets) compiled by Firkins (1997) indicated that only 66% of total NDF digestion occurred in the rumen. The relationship between ruminal and total NDF digestibility in the data set of Firkins (1997) was much weaker (R 2 = 0.24) than in our data set (R 2 = 0.89). A greater proportion of nonforage fiber in those diets could have contributed to the lower proportion of ruminal NDF digestion. However, similar (e.g., Harvatine and Allen, 2006; Ipharraguerre et al., 2002) or even much lower (Oba and Allen, 2003) proportions of ruminal digestion of total NDF digestion compared with the data set of Firkins (1997) have been reported in dairy cows.
The contribution of the hindgut to total NDF digestion should be somewhat lower with duodenal compared with omasal sampling because of additional fiber diges-
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tion occurring in the omasum. Smith (1984) calculated that 10% of the potentially digestible fiber entering the omasum could be digested. This value was based on an estimated 5-h omasal turnover time. Ahvenjärvi et al. (2001) determined, based on iNDF to NDF ratio in fractions of different particle size separated by wet-sieving, that the proportion of NDF digestion in the omasum was 7% of the total and was greater than the proportion occurring in the intestines (3%). These results are consistent with simultaneous measurements of omasal and duodenal NDF flow in dairy cows . Using iNDF to NDF ratio in duodenal digesta and feces, Huhtanen et al. (1994) estimated that 10 to 16% of the NDF entering the duodenum was digested in the intestines, which corresponded to between 3 and 5% of total-tract NDF digestion. Using a combined rumen in situ and intestinal mobile bag technique, Varvikko and Vanhatalo (1992) estimated that 90% of total NDF digestion occurred in the reticulo-rumen. This value is probably an underestimate, because the rumen incubation period was only 16 h. Huhtanen and Vanhatalo (1997) used a compartmental modeling approach for combined ruminal in situ and intestinal mobile bag data to estimate ruminal and total-tract NDF digestibility. Predicted ruminal contribution to total NDF digestion was, on average, 95% for 5 grasses harvested at different stages of maturity. The disappearance of NDF from mobile bags in the intestines corresponded to an average 5-h retention time assuming similar rates of digestion in the rumen and hindgut. It is noteworthy that the contribution of intestines to the total NDF disappearance remained below 20% even when the rumen incubation period was as short as 12 h.
The small contribution of the postruminal compartments to NDF digestion is consistent with the short retention time of feed particles in these compartments. Both slaughter studies using lignin or iNDF ratios for estimating compartmental pool sizes (Paloheimo and Mäkelä, 1959 ; S. Ahvenjärvi; unpublished data) and marker techniques (Ellis et al. 2002) have demonstrated that the residence time of feed particles in the hindgut is only about 10% of the total residence time in the digestive tract. Suboptimal conditions in the rumen for fiberdigesting bacteria (e.g., high dietary concentrations of NFC and unsaturated fatty acids) can shift NDF digestion to the lower digestive tract. In the present study, these factors had only minor and nonsignificant effects on the proportion of total NDF digestion occurring in the rumen. Moreover, the predicted contribution of the hindgut increased only from 4 to 10 percentage units when the rate of ruminal NDF digestion decreased from 7.5 to 4%/h, but remained unchanged in the hindgut (7.5%/h; . In this model, residence times in different segments of the digestive tract were based on slaughter data. Lower viable bacterial counts (Ulyatt et al., 1975) and particle-associated enzyme activities (Michalet-Doreau et al., 2002) do not suggest a faster rate of NDF digestion in the hindgut compared with the rumen. Use of fecal inoculum has, in most cases, resulted in reduced in vitro digestibility as well as a lower extent and rate of gas production (for review, see Mould et al., 2005) , observations highlighting the limited potential of the hind-gut to compensate for reduced ruminal NDF digestion.
The estimates of the contribution of the rumen to the total NDF digestion that were based on omasal sampling technique are consistent with estimates derived using other experimental techniques and modeling approaches, which suggests that the measurements of omasal flow are reliable. Smaller residual standard deviations for ruminal NDF digestibility, compared with typical values from studies using duodenal sampling with a single marker method, indicate that omasal flow estimates are also inherently precise. Experimental evidence based on changes in internal marker ratios, combined with results obtained using in situ and mobile bags, relative residence times in difference segments of digestive tract, and relative microbial activity in the rumen and hindgut, does not support a large compensatory role of hindgut in NDF digestion. Values of 30 to 40% for the contribution of hindgut to total NDF digestion may rather reflect technical problems related to the collection of unrepresentative digesta samples and the use of a single marker (Cr 2 O 3 ) that is not associated with any digesta phase.
Protein Flow Versus Milk Protein Yield
Because milk protein yield has no associated flow marker errors and it can be quantified reliably, the close relationship between omasal nonammonia CP flow and milk protein yield (Figure 4 ) can be interpreted as further evidence of the credence of omasal flow data in the present study. The adjusted RMSE of the quadratic model predicting milk protein yield from nonammonia CP flow (31 g/d) is acceptable compared with the corresponding values obtained with models based on parameters not including errors of flow measurements. In a recent meta-analysis (Huhtanen and Hristov, 2009) , the adjusted RMSE of milk protein with the corresponding quadratic MP (NRC, 2001) was 23 (Northern European data; n = 998 diets) and 40 g/d (North American data; n = 739). Although energy (total digestible nutrients) intake was the major factor contributing to milk protein yield (Huhtanen and Hristov, 2009) (47) was reported by Firkins et al. (2006) for a model based on DMI and dietary concentrations of RDP and RUP. In flow studies, the protein yield variance could be expected to be larger than in production trials because of intensive sampling procedures. It is noteworthy that the data from North America with Holstein cows and from Northern Europe studies with Ayrshire cows fed completely different diets fit a common regression line (Figure 4) , confirming the consistency of experimental methodologies. Larger RMSE with fixed model regression analysis reflects partly the study effect in flow measurements, but the influences of variation in DIM, environmental factors and other diet characteristics on protein yield cannot be ruled out. For example, low concentrations of essential or limiting AA in high RUP feeds such as corn gluten meal and cottonseed meal may impair the relationship between protein flow and milk protein yield. However, the R 2 value (0.79) from the simple quadratic regression model (effect of study not considered) predicting milk protein yield from omasal nonammonia CP flow was markedly higher than that (0.51) estimated from the NRC (2001) data set with a model using DMI and concentrations of RDP and RUP as independent variables.
CONCLUSIONS
A limited number of direct comparisons between omasal versus abomasal/duodenal digesta in studies using double-or triple marker methods indicate that duodenal sampling can be replaced successfully with omasal sampling. Indirect validations based on the relationships between ruminal and total NDF digestion and digestibility, OM intake and apparent or true ruminal OM digestion, and between omasal nonammonia CP flow and milk protein yield provide further evidence that omasal measurements are accurate. Small prediction errors of the models indicate the high precision of these data. However, the greater precision of nutrient flows based on omasal sampling compared with published duodenal sampling data are more likely due to the marker technique used rather than sampling site per se.
